Intense coherent teraherz wave is emitted from laser accelerated high energetic electron beams collimated and guided along a limited length of wire. The radiated pattern shows much similar with transient radiation of energy from simple linear antennas driven by transient current pulse. Driven by ∼ 20 mJ ultra-short laser pulse with intensity 3 × 10 18 W/cm 2 , teraherz wave with energy up to ∼ 0.15 mJ, peak electric field ∼58 GV/m, emission cone angle ∼ 30
Intense coherent teraherz wave is emitted from laser accelerated high energetic electron beams collimated and guided along a limited length of wire. The radiated pattern shows much similar with transient radiation of energy from simple linear antennas driven by transient current pulse. Driven by ∼ 20 mJ ultra-short laser pulse with intensity 3 × 10 18 W/cm 2 , teraherz wave with energy up to ∼ 0.15 mJ, peak electric field ∼58 GV/m, emission cone angle ∼ 30
• , conversion efficiency ∼ 0.75% has been produced in simulations. An analytical description of the angular and frequency distribution of radiated energy is presented, which is show fairly agreement with particle-in-cell simulations.
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Interaction of high-energy and high-power laser pulses with solid targets is accompanied with the generation of a significant number of energetic electrons, producing many secondary effects. The bright x and γ-ray emission [1] , intense ion acceleration [2, 3] , and many other effects [4] [5] [6] have been intensively studied and have been used in many applications. Furthermore, several efforts have been put on the generation of intense electromagnetic pulses during and after the laser plasma interaction, especially with the frequency ranged in teraherz (THz) band [7] [8] [9] [10] [11] . It is because that plasma would overcome the limitations associated with damage in nonlinear crystal-based terahertz sources. Terahertz sources utilizing laser plasmas are a promising technology for creating table-top equipment to generate extremely strong terahertz pulses with energies approaching the millijoule level. More recently, efficient terahertz pulse generation has been demonstrated in several experiments by irradiating a thin metal foil with an ultrashort intense laser pulse [12, 13] . Correspondingly two major mechanisms have been proposed. One is coherent transition radiation [12] , which take place when laser accelerated electrons reaching the rear side of the target and transporting across the interface between the rear target and vacuum. The other is target normal sheath radiation [13] , which emit from the electrons deaccelerated by an intense sheath field formed on the rear surface. In both scenarios, the radiation are closely related to the characteristics of these electron sources and its transient dynamic. The achieved radiation power was posed significant constraints by the large angular divergence of the electron beam, which quickly reducing the electrons density in a short distance. Some remarkable phenomena have been observed in relativistic laser interactions with wire targets [14] [15] [16] [17] [18] . Collimation and guidance of fast electrons with energies of a few hundred keV or MeV has been demonstrated using wire targets [14, 17, 18] . Field propagation at the speed of light along a wire has been observed by laserdriven proton radiography and induced transient current with a peak magnitude up to the order of 10 4 A [16] . It has been suggested the surface radial electric field or balance of the surface radial electric field and the azimuthal magnetic field force results in fine collimation effect of electrons [14, 19, 20] . In this paper, we introduce a different approach to produce ultra-strong single cycle THz sources from interaction of intense lasers with solid wire target. As illustrated in Fig. 1(a) , we consider an intense laser pulse incident obliquely onto the center of the wire target and accelerate a large number of energetic electrons. As most electrons are effectively collimated and guided along the wire, a huge transient currents could be formed on the wire surface in responding to moving fields of electrons. Consider the temporal profile of transient current roughly follows the laser pulse (typically an order of a few fs or more for TW laser system), thus the Fourier transform of the pulse envelope yields a carrier frequency ∼ 10 13 Hz. It is naturally a coherent driven source in the desired THz frequency range, which drives the wire as a current-carrying line antenna in turn to emit electromagnetic radiations.
To demonstrate the novel features, a series of twodimensional simulations were carried out by using particle-in-cell (PIC) code PDLPICC2D [21, 22] . In the simulations, a p-polarized laser pulse perpendicularly incident from the left boundary onto the center of the wire target, which is located at the center of the simulation box with an oblique angle 30
• in respect to the laser axis. The laser intensity is set as 3.08×10
18

W/cm
2 , corresponding to the normalized vector potential a 0 = eE/m e ω 0 c = 1.5, where m e is electron mass, c is the speed of light, and ω 0 is laser frequency. The intensity profile is Gaussian in the y direction with a focus spot size w 0 of 6λ 0 (full width at half maximum). The time profile is e −t 2 /2τ 2 0 with τ 0 = 3T 0 , where T 0 is laser period. The length of wire target is L = 30λ 0 and the thickness is D = 2.0λ 0 . The simulation box is 100λ 0 × 100λ 0 with a spatial resolution up to 100 cells per wavelength. Each cell contains 100 ions and 100 electrons. The target is assumed as fully ionized and the electron density is 10 times critical density (n c ), which corresponds to 1.12 × 10 21 cm −3 for laser wavelength λ 0 = 1.0µm. In order to resolve the Debye length of plasma in our simulations, the initial electron temperature is 1 keV and ions are fixed.
The distinctive pattern of the radiation emitted from laser driven wire target was shown in Fig. 2 . Two spherical waves front, one centered at the middle of the wire and other centered at right end of the wire, were clearly distinguished. The first spherical wave was formed when the laser pulse reach at the center of the target and energetic electrons was accelerated by the laser force. The second spherical wave is generated when hot electrons propagating stably long the wire reach the termination on the right. After that two spherical wave was escaping from the individual source and traveling outward at the speed of light. According to the direction and magnitude of the field components, the Poynting vectors can be inferred to be predominantly normally over a spherical wavefront. The intensity of radiation is not distributed uniformly over the spherical wavefront, but obviously dependent on the emission angle. All this characteristic are much similar to typical radiation from a linear antenna driven by transient current pulse [24] . On the condition that the intense laser pulses oblique incident on the wire target with large angle, the electron acceleration mechanism is much close to that described in [19, 20] . As shown in Fig. 3(a,b) , except few electrons can escape from the target, most energetic electrons are propagating along the wire with good collimation. The guiding effect could also be inferred from evolvement of the surface field as shown in Fig. 3(c-f) . The intense radial electric field E y , induced by the charge-separation field of the escaped high-density MeV electrons, tends to pull the electrons back to the surface. However, an intense azimuthal magnetic field B x of the order of a few hundred MG is also created, and it tends to push the electrons away from the surface. A balance of the electric force eE y and magnetic force (e/c)v e × B results in the collimation and confinement of the fast electrons, which moves laterally at approximately speed of light. The dynamic behavior of the electron beams play important role in the radiation production. Simulations with other incident angles were also carried out. It is found that the radiation strength decrease seriously for small incident angle because electrons collimation do not take place effectively.
On the base of Ampere's law, the currents can be roughly estimated by the surface magnetic field strength as I ≈ πB x D/µ 0 . It is ∼ 11 KA for B x ≈ 0.2m e ω 0 c/e ∼ 2200 Tesla (obtained in Fig. 3) . Integration current over pulse length reveals the net number of electrons moving along the wire to be ∼ 1.72 × 10 9 . As a comparison, the total number of hot electrons accelerated are also esti- 
mated by energy balance relation
, where f is the fraction of laser energy absorbed by hot electrons, E ∼ 20 mJ is the pulse energy, and k B T h ∼ 0.2 MeV is the hot electron temperature predicted by Ponderomotive scaling [23] . Taking f ∼ 10% from the simulations, total laser energy is estimated to accelerate some 6 × 10 10 hot electrons at its focus. This contrasts starkly with the number of electrons contributed to the transient current priorly estimated. That means only fastest electrons, typically those with an energy larger than the temperature of the Maxwellian distribution, contribute to the transient current. The reminder will return to the wire under spacecharge force and neutralized by the wire plasma.
In the following, the line antenna model proposed by Simth [24] was used to analysis the angular and frequency distribution of the radiation. For simplicity, we assume a transient current with gaussian profile was formed at z = 0, propagating along the wire to the end of the target with speed of light c. Further neglecting the temporal variance of the current profile during short propagation process, the transient currents induced on the wire can be simply described as I(z, t) = I s (t − z/c), where I s (t) = I 0 e −t 2 /2τ 2 0 is current time profile, and I 0 is peak current intensity. In the limit as r/L → ∞, where r is the distance to the field point, the radiated electric field of the moving current source is given by the Smith's model as [24] ⃗ E(⃗ r, t) = µ 0 c sin θ
where θ is observation angle with respect to the wire direction, and τ d = L 2c (1 − cos θ) is the difference of the retarded time between the source and terminal. Based on (1), the spectral intensity of the radiation can be obtained as
After integrating (2) over the frequency, we obtain the radiation energy into the solid angle as
Further integrating Eq. (3) over the solid angle Ω, the total energy radiated from the wire is obtained as
Here, α = L 2cτ0 , γ = 0.57721 is Euler's constant, Erf is the error function, and E 1 is exponential integrals.
The above model fairly reproduced the radiation pattern observed in the simulation. As shown in Fig. 4(a) , the radiated electric field E θ at t=50 T 0 , calculated by Eq. (1) with the simulation parameters, show an almost similar structure as shown in Fig. 2(f) . According to the expression on the right-hand side of Eq. (1), the first spherical wave of larger radius is produced when the current pulse formed on the center. Another term is produced when the current pulse is absorbed by the terminal. These two wavefronts, with the opposite electric field direction and the different retarded time τ d , is overlapped in far-region. It leads to the power of radiation not distributed uniformly over the spherical wavefront, but obviously dependent on the observation angle. The spectra calculated from Eq. (2) is shown in Fig.  4(b) . One can see that no emission is observed at θ = 0
• . The central peak is located at θ=57
• , with the center frequency is about ω ∼ 0.8/τ 0 = 16 THz. It roughly equals to the carrier frequency of driven laser pulse envelope. The whole spectra are extended from 0 to 3/τ 0 for small observation angle. The spectrum peak is shifted to lower frequencies with the bandwidth reducing dramatically with the observation angle increasing, . Fig. 4(c) . (3) . The time-integration of the radiation flux cross the observation plane in simulations is also plotted for comparison. Good fitness with the model prediction of L=30 µm further prove the reliability of our model. As the wire length reduce to L=6 µm, one can see that the peak radiation direction shift to the vertical direction of the wire with the intensity decrease. On the contrary, the radiation is more enhanced and concentrated into a hollow forward cone by increasing the wire length, as shown by curve for L=800 µm. It is similar to the characteristic of radiation from a moving point charge when the acceleration is parallel to the velocity, whose angular distribution and intensity is dependent on the kinetic energy of electron. Fig. 4(d) shows the temporal profiles of the forward flux F + = (E y − cB x )/2 cross the observation plane. It was recorded at θ = 30
• in our simulation. The whole signal presents as a single cycle pulse. The second half-cycle shows disordered in compared with the first half-cycle. It was attributed to the variance of profile during electron beams moving along the wire target. As a result, red shift of emission frequency from the model prediction ω = 0.05ω 0 to simulation results ω = 0.04ω 0 could be distinguished (shown in inset). The peak amplitude of flux is over 0.018 m e ω 0 c/e, corresponding to electric field strength over 58 GV/m. Integrated over the emission cone angle Ω ∼ 30
• and duration ∼ 20T 0 (i.e., 66 fs), the whole radiated energy is estimated about ∼0.15 mJ. The conversion efficiency from laser to radiation is over 0.75%. Taking this radiated energy into Eq. (4), the driven current derived is ∼ 10 KA, which is fairly consistent with the prior estimation.
The dependence of the radiated power on the laser intensity can be easily derived. Based on Eq. (3), the radiated power is proportional to the square of the current intensity, which is determined by the laser intensity and the conversion efficiency from laser to fast electrons. On current condition that the ponderomotive force effect is dominant for hot electron generation, the current is proportional to the total number of hot electrons accelerated. Thus the scaling of the radiated power could be simply described as P ∝ a 2 0 . It is fitted well with the simulation results as shown in Fig. 5 . Moreover, the center frequency of radiation is almost independent with the laser intensities (shown in inset). It is consistent with our assumption that only fastest hot electrons really contributes to the final radiation.
From the viewpoint of potential applications, it is useful to efficiently transmit such intense radiation from the laser-produced source to a long distance destination. According to expression in Eq. (3), in the limit as L → ∞, the optimal radiated angle θ → 0. It implied that whole radiation would be transfer as a surface wave and propagating along the wire lines. The ultimate limit for surface wave intensity is attributed to resistive heating by a transient current and ionization of the wire surface by a propagating surface wave. In fact, several theoretic and experimental results have proved that the metal wires can also be served as excellent low loss and low dispersion waveguide for Sommerfeld waves in the gigahertz to terahertz frequency range [25, 26] .
In summary, we propose a simple route to produce the intense coherent THz wave by obliquely incident the intense laser pulse onto the wire target. While fast electrons are confined and flow along the wire line, the wire is equivalent to a linear antenna and in turn radiate electromagnetic energy. The intense THz wave with the electric field more than 58 GV/m, conversion efficiency from laser to radiation up to 0.75%, has been obtained in simulations. An analytical description of the angular and frequency distribution of radiated energy is present, which is show fairly agreement with the 2D PIC simulation results. Our proposed scheme is offering a route to produce ultra-strong THz sources for applications such as pump-probe high field THz irradiation experiments. Moreover, it provides a unique way to understand the long distance transport of a large flux of electron beam along the wire target, which is potentially important for high energy density physics driven by ultrashort high intensity lasers. This technique of THz generation works well only if the driven laser pulse has a very high contrast and vary shot duration. Because of the prepulse or long pulses can lead to strongly plasma expanding and destruction of wire structures. Fortunately, the techniques such as the plasma mirror to achieve ultrahigh pulseto-prepulse contrast ratios now offer the opportunity to carry out such experimental studies at very high intensity. The conditions of vary short laser pulse used in our simulations are easily met by current laser facility, such as the chirped pulse amplification laser at the Center of Ultrafast Optical Science (CUOS) [27] .
